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ABSTRACT 
 
Purpose: To investigate the influence of monocular hyperopic defocus on the normal diurnal 
rhythms in axial length and choroidal thickness of young adults. 
Methods: A series of axial length and choroidal thickness measurements (collected at ~3 
hourly intervals, with the first measurement at ~9 am and the final measurement at ~9 pm) 
were obtained for 15 emmetropic young adults over three consecutive days. The natural 
diurnal rhythms (Day 1, no defocus), diurnal rhythms with monocular hyperopic defocus (Day 
2, – 2.00 DS spectacle lens over the right eye), and the recovery from any defocus induced 
changes (Day 3, no defocus) in diurnal rhythms were examined. 
Results: Both axial length and choroidal thickness underwent significant diurnal changes on 
each of the three measurement days (p<0.0001). The introduction of monocular hyperopic 
defocus resulted in significant changes in the diurnal variations observed in both parameters 
(p<0.05). A significant (p<0.001) increase in the mean amplitude (peak to trough) of change 
in axial length (mean increase, 0.016 ± 0.005 mm) and choroidal thickness (mean increase, 
0.011 ± 0.003 mm) was observed on day 2 with hyperopic defocus compared to the two ‘no 
defocus’ days (days 1 and 3). At the second measurement (mean time 12:10 pm) on the day 
with hyperopic defocus, the eye was significantly longer by 0.012 ± 0.002 mm compared to 
the other two days (p<0.05). No significant difference was observed in the average timing of 
the daily peaks in axial length (mean peak time 12:12 pm) and choroidal thickness (21:02 
pm) over the three days. 
Conclusions: The introduction of monocular hyperopic defocus resulted in a significant 
increase in the amplitude of the diurnal change in axial length and choroidal thickness that 
returned to normal the following day after removal of the blur stimulus. 
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Previous research with a range of different animal models suggests that normal ocular 
growth is vision dependent,1,2 and that the introduction of optical defocus can lead to 
predictable changes in eye growth and the development of refractive errors.3-5 In animals, the 
introduction of hyperopic defocus results in a thinning of the choroid (which moves the retina 
posteriorly towards the defocused image plane) followed by a longer term increase in scleral 
growth rate, leading to the development of myopic refractive errors.3-7  
 
 
It has been hypothesized in humans, that hyperopic defocus associated with near work (e.g. 
a lag of accommodation),8 or hyperopic defocus due to ocular aberrations,9 or peripheral 
hyperopic defocus10 may be important optical factors associated with myopia development. 
Recently, Read et al (2010)11 reported a small but significant increase in axial length in 
response to a short period (60 minutes) of imposed monocular hyperopic defocus in young 
adult human eyes, which also supports the potential importance of hyperopic defocus in the 
development of human myopia. However, the influence of longer periods of hyperopic 
defocus upon ocular parameters in human eyes is not known. 
   
 
Axial length and choroidal thickness of both animals12-15, and humans16-18 are known to 
undergo significant variation over the course of the day.  In normally growing eyes of young 
chicks12-15 the eye is typically longer and the choroid is thinnest during the day, and the eye is 
shortest and the choroid is thickest at night. Similar patterns of diurnal change have also 
recently been observed in young adult humans.16-18  The normal natural diurnal rhythms in 
axial length and choroidal thickness of young chicks have also been shown to be disrupted 
by the introduction of optical defocus.12-14  Periods of myopic defocus have been shown to 
lead to phase shifts in the normal diurnal rhythms of axial length and choroidal thickness, 
along with decreases in the axial growth of the eye.12-14 On the other hand, hyperopic 
defocus imposed on chick eyes leads to only small changes in the phase of the eye length 
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and choroidal rhythms but results in a significant increase in the amplitude of change in 
choroidal thickness, along with an increase in axial ocular growth, and the development of 
myopic refractive errors 12-14  
 
 
Recently, we reported that the introduction of monocular myopic defocus for a 12 hour period 
alters the normal daily variations in axial length and choroidal thickness of young emmetropic 
human eyes, with significant reductions in the mean amplitude of diurnal change, and phase 
shifts in the peak timing of the variations in both parameters.19 However, the influence of 
hyperopic defocus on the natural diurnal rhythms in axial length and choroidal thickness of 
human eyes are not known.  In this study, we have examined the effect of a 12 hour period 
of monocular hyperopic defocus upon the normal daily variations in axial length (AL, the 
distance from the anterior corneal surface to the retinal pigment epithelium, RPE) and 
choroidal thickness of young adult emmetropic human subjects. As previous animal research 
indicates that hyperopic defocus results in the development of myopia in a range of different 
species, this study provides insights into the sensitivity of the human eye to hyperopic 
defocus.   
 
 
METHODS 
Subjects and procedures  
Fifteen young adult, near-emmetropic subjects aged between 18 and 30 years (mean ± SD, 
25.6 ± 3.62) were recruited for the study. Ten of the subjects were male. None of the 
participants had any history of significant ocular or systemic disease, ocular injury, or 
surgery. Before the study, each subject underwent an ophthalmic examination to ensure 
good ocular health, normal binocular vision and to determine their refractive status. The 
mean spherical equivalent refraction (SER), derived from a non-cycloplegic subjective 
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refraction for all subjects was – 0.12 ± 0.19 DS (range, 0.00 to – 0.38 DS). All subjects 
exhibited anisometropia less than 0.50 DS and astigmatism of less than 0.25 DC. All 
subjects had normal visual acuity of logMAR 0.00 or better. Approval from the university 
human research ethics committee was obtained and all subjects gave written informed 
consent and were treated in accordance with the Declaration of Helsinki.        
 
 
To investigate the effects of monocular hyperopic defocus on diurnal ocular variations, a 
series of axial length and choroidal thickness measurements were collected from both eyes 
over three consecutive days. A similar protocol was adopted as described previously in our  
study of the effects of monocular myopic defocus.19 On each day, 5 measurement sessions 
were carried out at 2.5 to 3 hourly intervals, with the first measurement taken at 
approximately 09:00 (1 to 2 hours after subjects had awoken) and the final measurement at 
approximately 21:00. Day 1 (baseline day, no defocus) examined the normal diurnal 
variations in axial length and choroidal thickness, day 2 (defocus day) investigated the 
influence of monocular hyperopic defocus on these ocular diurnal variations (subjects wore a 
–2.00 DS spectacle lens over the right eye, for the duration of the day), and day 3 (recovery 
day, no defocus) examined the recovery from any defocus induced changes. One subject 
was unable to attend one session on the recovery day (day 3).   
 
 
On day 2, following the first measurement session, subjects wore spectacles that induced 
hyperopic defocus in their right eye only (– 2.00 DS right eye, plano left eye) for the entire 
day. On Days 1 and 3 subjects wore plano spectacles to maintain consistency in the 
experimental conditions over the three measurement days. Each measurement session took 
approximately 25 minutes to complete, and subjects undertook their regular daily activities 
between the measurement sessions. Given that factors such as accommodation,20,21 and 
exercise22 are known to cause short term changes in axial length, prior to each measurement 
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a period of 10 minutes of binocular distance viewing (sitting, watching television at a distance 
of 6 m) was observed for all subjects to minimize the influence of previous visual tasks on the 
measurements.  
 
 
At each measurement session, ocular biometry was assessed using a non-contact optical 
low-coherence reflectometry biometer (Lenstar LS 900; Haag–Streit AG, Koeniz, 
Switzerland) to determine axial length and other ocular biometric measurements (including 
central corneal thickness (CCT), anterior chamber depth (ACD), and lens thickness (LT)) 
23,24. Five measurements for each subject at each measurement session were averaged for 
further analysis.  
 
 
Although choroidal thickness measurements derived from the Lenstar instrument have been 
shown to be closely correlated with measures from ocular imaging techniques like optical 
coherence tomography (OCT),25  the limits of agreement between the Lenstar and OCT are 
relatively large (particularly for subjects with thicker choroids), and the repeatability of 
Lenstar choroidal thickness measures is generally lower than those with OCT. OCT also 
allows the opportunity to assess choroidal thickness at a range of locations across the 
posterior pole.  For this reason, choroidal thickness in this study was assessed using images 
captured with the Copernicus SOCT HR spectral domain optical coherence tomographer 
(SD-OCT, Optopol Technology SA, Zawiercie, Poland).26 This device utilizes a super-
luminescent diode light source with a peak wavelength of 850 nm. It has an axial resolution 
of 3 µm, a transverse resolution of 12-18 µm, and a scanning speed of 52,000 A-scans/sec. 
Images were captured using the instrument’s animation scan mode, which allows multiple B-
scans to be collected from the same retinal location. At each measurement session, six (3 
from each eye) 5 mm horizontal foveal line scans (each consisting of 50 B-scans, with 1500 
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A-scans per B-scan, with an acquisition time of 1.14 sec) were obtained with an average 
image quality index (QI) of 7.12 ± 0.51.   
 
 
We were concerned to ensure that the right eye wearing hyperopic defocus was not 
accommodating through the hyperopic blur, and thereby inducing myopic defocus in the 
fellow left eye. To confirm the level of accommodation employed for typical visual tasks 
during monocular hyperopic defocus (day 2), and to compare this with days 1 and 3 with no 
defocus, objective measures of ocular refraction were collected periodically on each of the 
three measurement days. In the right eye, measurements were obtained at three sessions 
instead of all the five sessions due to time constraints associated with the other 
measurements. The Canon R1 open field, infrared autorefractometer27 was used to measure 
objective refraction during binocular viewing of distance (6 m), intermediate (60 cm) and near 
(30 cm) fixation targets. On day 2 (hyperopic defocus day), objective refraction 
measurements at the second and final sessions were obtained while the subjects were 
wearing the spectacles (right eye 2 D hyperopic defocus, left eye no defocus). For the 
baseline measurement session on day 2 and all measurement sessions on days 1 and 3, 
objective refraction measurements were obtained without spectacles. The mean spherical 
equivalent refraction (SER) was calculated for each subject from a total of five readings at 
each session.  
 
   
In the latter half of the study, the Canon R1 instrument broke down and could not be 
repaired, so a modified Hartmann-Shack aberrometer (COAS, AMO Wavefront Sciences) 
with an additional relay lens system (instrument modification and validation described 
elsewhere)28 was used to carry out open-field objective refraction measurements, using the 
same fixation targets and target distances as for the Canon R1 measures (5 of the 11 
subjects). This technique has been validated previously and has been shown to provide 
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reliable measurements of lower-order optics during accommodation in young adults.28,29 The 
SER was derived from the average of four measurements (each consisting of 25 continuous 
frames) captured for each of the viewing distances at each measurement session. The 
objective refraction analysis includes data from a total of 11 subjects (6 measured with the 
autorefractometer and 5 with the Hartmann-Shack aberrometer), as measurements could not 
be performed on 4 subjects immediately following the breakdown of the Canon R1 
autorefractometer and before the alternative measurement system using the Hartmann-
Shack aberrometer was in place. 	
  
 
Data analysis   
Following data collection, the OCT data were exported from the instrument for further 
analysis using custom written software. The software registered and aligned each of the 50 
individual B-scans to produce an average B-scan image with reduced speckle noise and 
enhanced visibility of the choroid, for each measurement session.30 Each of the six averaged 
images (3 each eye) from each subject at each session were then manually segmented by 
an experienced masked observer to determine the subfoveal choroidal thickness and the 
parafoveal choroidal thickness across a series of 0.5 mm width zones (out to 1.5 mm from 
foveal center) (Figure 1) using a method outlined in detail elsewhere.19 
 
 
The raw wavefront aberration data were fit with Zernike polynomials up to the eighth radial 
order and exported from the instrument for further analysis. Custom written software was 
used to calculate the average wavefront across a 4 mm pupil diameter for each subject at 
each session, which was then converted into refractive power.31 Since the Canon R1 
autorefractometer derives its refractive power from a zone within the pupil in an annular 
region extending from approximately 3 mm from pupil center to approximately 4 mm from 
pupil center,32,33 for the COAS wavefront data, the best fit sphero-cylinder was also 
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calculated from an annulus in the average refractive power map with a 3 mm inner diameter 
and a 4 mm outer diameter using custom written software. Power vector M derived from the 
resultant sphero-cylinder estimate for the annulus was used as a measure of the best sphere 
ocular refraction.34 
 
 
Following data collection, the average of all biometric and objective refraction data for each 
subject at each measurement session was calculated. The right and the left eye data were 
analysed separately, in order to examine the influence of defocus on the right eye and any 
crossover effects in the non-defocused left eye. The daily mean amplitude of change (the 
difference between the maximum and minimum) was also calculated for each variable for 
each measurement day. To investigate the diurnal changes, and to examine the effects of 
defocus on axial length (and the anterior eye biometric variables) and subfoveal choroidal 
thickness, a repeated measures analysis of variance (ANOVA) with two within-subjects 
factors (time of day and day of measurement) was performed. For the parafoveal choroidal 
thickness data, two additional within-subjects factors (parafoveal eccentricity [0.5 mm, 1.0 
mm and 1.5 mm from foveal center] and region [nasal or temporal]) were included in the 
repeated measures ANOVA. For the objective refraction data, one additional within-subjects 
factors (fixation distance [distance, intermediate and near] was included in the repeated 
measures ANOVA. Pairwise comparisons with Bonferroni correction were performed for any 
variables with significant main effects and interactions.   
 
 
To investigate the association between the diurnal variations in axial length and choroidal 
thickness, an analysis of covariance (ANCOVA) was carried out for the analysis of repeated 
measures.35 To provide an assessment of the within-session variability for each of the 
measured parameters on each measurement day, the average within-session range and 
10 
 
within-session standard deviation,36 intraclass coefficient (ICC),37 and the mean coefficient of 
variation (COV) for each variable were also calculated.    
 
 
RESULTS 
Axial length  
The mean magnitude and pattern of diurnal variations in axial length on each of the three 
days of testing are illustrated in Table 1 and Figure 2. For the right eye (that was exposed to 
hyperopic defocus on the second measurement day), axial length underwent significant 
diurnal variation (within subjects effect of time, p<0.0001) on each of the three measurement 
days. Exposure of the right eye to monocular hyperopic defocus on day 2, resulted in 
significant changes in the diurnal rhythms of axial length (day by time interaction, p<0.001). 
The mean amplitude (peak to trough) of change in axial length was significantly (p<0.001) 
greater on day 2 with defocus (0.041 ± 0.015 mm) compared to days 1 (0.024 ± 0.011 mm) 
and 3 (0.025 ± 0.010 mm) with no defocus. At the second measurement on the defocus day 
(after ~ 3 hours of exposure to defocus), axial length was significantly longer by 0.012 ± 
0.002 mm compared to the other two days with no defocus (p<0.05). Significant differences 
in the changes in axial length were also observed at the third (difference between days 1 and 
3, 0.007± 0.001 mm) and fourth (0.007± 0.0005 mm) measurement sessions between the 
two ‘no defocus’ days (days 1 and 3) (pairwise comparisons, p<0.05).  
  
 
No significant difference was observed in the peak timing of the diurnal rhythm in axial length 
across the three measurement days, with subjects typically exhibiting their longest axial 
length at the second measurement session (mean time of the measurement, 12:12) and the 
shortest axial length at the final session (mean time of the measurement, 21:02) on each 
day. In the right eye, there was no significant difference in the mean amplitude of diurnal 
change in axial length between days 1 and 3 (no defocus days) (p>0.05). Repeated 
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measures ANOVA revealed a significant effect of measurement day for axial length, as the 
mean axial length on day 3 (no defocus) was 0.004 ± 0.0007 mm shorter than the mean axial 
length on days 1 (no defocus) and 2 (defocus) (p=0.018, Table 1).  
 
 
For the left eye (that was not exposed to defocus), significant diurnal variations (p<0.0001) in 
axial length were also observed across the three days. However, no significant difference 
was observed in the magnitude or timing of axial length variations over the three days 
(p=0.333, day by time interaction), indicating no significant crossover effects of defocus on 
the fellow (left) eye. The baseline axial length measurements were not significantly different 
between days (p>0.05), or between the right and left eyes on any of the three measurement 
days (p=0.154). 
 
 
Subfoveal choroidal thickness  
The choroidal thickness measurements represent data from 14 subjects, as the choroidal 
thickness could not be consistently detected by the masked observer in all measurement 
sessions for one subject (Figure 3 and Table 1). Significant diurnal variations (p<0.0001, 
repeated-measures ANOVA) were observed in the subfoveal choroidal thickness on each of 
the three measurement days in both the right and left eyes. For the right eye, exposure to 
hyperopic defocus on day 2, led to significant changes in the diurnal choroidal thickness 
changes compared to the other two days with no defocus (p=0.032, day by time interaction). 
The mean amplitude (peak-trough difference) of change in the subfoveal choroidal thickness 
on day 2 with hyperopic defocus (0.034 ± 0.010 mm) was significantly greater than the mean 
amplitude of change on days 1 (0.023 ± 0.008 mm) and 3 (0.022 ± 0.006 mm) with no 
defocus (p<0.001).  At the second measurement session on day 2 (following ~ 3 hours of 
exposure to defocus), the subfoveal choroid was significantly thinner by 0.008 ± 0.0007 mm 
compared to the two ‘no defocus’ days (pairwise comparisons, p<0.05).  
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No significant differences were observed in any of the subfoveal choroidal thickness 
measures (p>0.05, for all pairwise comparisons), or the mean amplitude of change in 
choroidal thickness (p>0.05) between days 1 and 3 with no defocus. There was no significant 
change in the peak timing of the diurnal rhythm in choroidal thickness associated with the 
introduction of defocus on day 2, and on all three days the choroid was typically found to be 
thickest at night (mean time of the peak, 21:02). Additionally, a significant effect of 
measurement day was also observed for the subfoveal choroidal thickness, as the mean 
choroidal thickness on day 2 was 0.003 ± 0.003 mm thinner than the mean choroidal 
thickness on days 1 and 3 (within subjects effect of day, p=0.046).        
 
 
For the left eye, that was not exposed to defocus, significant diurnal variations in choroidal 
thickness were also observed on each of the three testing days (within subjects effect of 
time, p<0.0001, Table 1). However, there was no evidence of significant change in the 
magnitude  or peak timing of these diurnal rhythms in choroidal thickness of the left eye, 
associated with the hyperopic defocus in the fellow right eye on day 2 (day by time 
interaction, p=0.232) (Figure 3).  The baseline choroidal thickness measurements were not 
significantly different between days (p>0.05), or between eyes on any of the three days 
(p=0.714).  
 
 
Analysis of covariance for repeated measures revealed a significant negative association 
between the changes in axial length and choroidal thickness over the three testing days in 
both the “defocussed” right eye (slope = -0.684; r² = 0.35, p<0.0001) as well as the 
contralateral left eye with no defocus (slope = -0.461; r² = 0.17, p<0.0001).     
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Parafoveal choroidal thickness  
The mean choroidal thickness and amplitude (peak-trough difference) of diurnal change for 
the three days of testing in the parafoveal choroid for both nasal and temporal regions in 0.5 
mm width zones located 0.5, 1 and 1.5 mm from the foveal center are displayed in Table 2. 
The average parafoveal choroidal thickness exhibited a significant effect of peripheral 
eccentricity (p<0.0001), as the choroid was significantly thinner in the more peripheral 
locations. For both eyes, on average the temporal parafoveal choroidal regions were thicker 
than the nasal choroidal regions, however this difference only reached significance for the 
right eye (within-subjects effect of region for right eye, p=0.026).  
 
 
Significant diurnal variations were also observed in parafoveal choroidal thickness for both 
the right and left eyes (p<0.0001). For the right eye, similar to the subfoveal choroidal 
thickness, the diurnal variations in the parafoveal choroid with hyperopic defocus (on day 2) 
were significantly different to the variations observed on days 1 and 3 with ‘no defocus’ 
(p=0.006, day by time interaction). There was no significant region (nasal versus temporal 
region) by day by time (p=0.102), or eccentricity (0.5 mm, 1.0 mm or 1.5 mm from foveal 
center) by day by time (p=0.235) interaction, indicating a similar magnitude and pattern of 
diurnal variation between the different parafoveal zones throughout the day, across all the 
three days. Figure 4 illustrates the mean diurnal variation in choroidal thickness observed in 
the different parafoveal eccentricities (averaged across the nasal and temporal regions) over 
the three days of testing. Similar to the subfoveal choroidal thickness rhythms, the peak in 
the parafoveal choroidal thickness was also typically observed at the final session (mean 
time, 21:02) on each of the three measurement days (Figure 4).  Parafoveal choroidal 
thickness in the fellow (left) eye also exhibited significant diurnal variations (p<0.001), 
however there was no evidence of significant change in the pattern of these variations with 
the introduction of defocus on day 2 in the right eye (p=0.157, day by time interaction).    
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Other ocular biometrics     
CCT and ACD also underwent significant diurnal variations (repeated-measures ANOVA, 
p<0.05) in both right and left eyes on each of the three days of measurement. However, 
diurnal variations in these ocular parameters in either eye were not significantly altered by 
the introduction of defocus on day 2 (p>0.05, day by time interaction). CCT was typically 
thickest in the morning (session 1), and then become gradually thinner throughout the day on 
all three days (mean amplitude of change, 0.007 ± 0.005 mm). ACD was shallowest in the 
morning, and deepest towards the end of each, with a mean amplitude of change of 0.056 ± 
0.023 mm (p<0.05). No significant diurnal variations were observed in LT (p=0.442) on any of 
the three testing days.  
 
 
Autorefraction 
Only small changes in refraction measures were found across all of the three days in both 
the right (that was exposed to defocus) and the left eye (with no defocus) during binocular 
fixation of distance (mean change, right eye, 0.15 ± 0.10 D, left eye, 0.05 ± 0.03 D), 
intermediate (right eye, 0.15 ± 0.10 D, left eye, 0.05 ± 0.03 D)  and near targets (right eye, 
0.14 ± 0.10 D, left eye, 0.06 ± 0.04 D), that were not statistically significant (p>0.05, fixation-
day-time interaction) (Figure 5). Although, the changes in autorefraction on day 2 (with 
defocus in the right eye), were found to be slightly greater in the right eye (mean change,      
~ 0.3 D) compared to the left eye (< 0.1 D) at all fixation distances, these changes were not 
statistically significant in either eye (p>0.05). The average refraction measures for the 
intermediate (– 1.29 ± 0.63 D) and near (– 2.52 ± 0.81 D) fixation targets were consistent 
with a small lag of accommodation for intermediate and near viewing across all three days. 
These findings indicate that the subjects’ binocular accommodative behaviour was not 
significantly altered by the monocular hyperopic defocus on day 2 compared to the no 
defocus conditions, suggesting that the right eye experienced the intended continuous 
hyperopic defocus throughout the day.  
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Within-session repeatability 
The within-session variability was small for all ocular dimensions including axial length 
(within-session standard deviation, 0.007 mm, mean COV, 0.03%), and the other ocular 
biometrics such as ACD and LT (within-session standard deviation ranges, 0.002 to 0.029 
mm, mean COV ranges, 0.32 to 0.67%). Choroidal thickness also exhibited excellent within-
session repeatability for both subfoveal (within-session standard deviation of 0.006 mm and 
mean COV 1.82%) and parafoveal measures (within session standard deviation 0.007, 0.008 
and 0.008 mm, mean COV 1.92, 2.25 and 2.75%  for parafoveal zones located at 0.5, 1 and 
1.5 mm from foveal center). All variables exhibited an ICC of 0.9 or greater. 
 
 
Comparison between hyperopic and myopic defocus 
We have previously examined the influence of myopic defocus upon diurnal rhythms of axial 
length and choroidal thickness.19 Although our previous work was conducted a number of 
months prior to the current study, and on a different population of subjects, a small sub-
population of subjects (n=7, 6 males, 1 female) participated in both studies. Therefore in this 
study we have also performed additional analysis on the subset of subjects who participated 
in both the current hyperopic defocus experiment and the previous myopic defocus 
experiment, to explore the differences in the ocular responses to myopic and hyperopic 
defocus.  A repeated measures ANOVA was carried out with three within-subjects factors 
(blur condition, day of measurement and time of day) for the 7 subjects who participated in 
both experiments (Figure 6).   
 
 
This analysis revealed that the magnitude and pattern of the diurnal changes in axial length 
were significantly different between the myopic and hyperopic defocus conditions (p<0.001, 
blur-day-time interaction). For the myopic defocus condition, the longest axial length was 
observed approximately 6 hours later in the day (mean peak time ~ 18:00) compared to the 
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hyperopic defocus condition (mean time ~ 12:00).  The mean amplitude of change in axial 
length (peak to trough difference) was also significantly greater for the hyperopic defocus 
condition (mean amplitude 0.040 ± 0.007 mm) compared to the myopic defocus condition 
(0.017 ± 0.010 mm) (p<0.001). Pairwise comparisons revealed that after 3 hours of exposure 
to defocus (at the second measurement session) the axial length was 0.027 ± 0.003 mm 
longer for the hyperopic defocus condition compared to the myopic defocus condition 
(p<0.005). Except for the fifth measurement session (mean time, 21:02) on the recovery day 
(day 3, p=0.047), no significant differences (p>0.05) were observed in any of the axial length 
measures on the baseline (day 1) and recovery days (day 3) between the myopic and 
hyperopic defocus conditions.  
 
 
Significant differences in the magnitude and pattern of diurnal variations in the subfoveal 
choroid between the myopic and hyperopic defocus conditions were also observed (p=0.024, 
blur-day-time interaction, repeated measures ANOVA). Following the introduction of myopic 
defocus, the timing of the occurrence of the thickest choroid occurred ~ 9 hours earlier in the 
day (mean time ~ 12:00), compared to the hyperopic defocus condition (peak timing ~ 21:00) 
(Figure 6). The mean amplitude of change in subfoveal choroidal thickness (peak to trough 
difference) was also significantly greater for the hyperopic defocus condition (0.035 ± 0.008) 
compared to the myopic defocus condition (0.023 ± 0.007 mm) (p=0.015). After 3 hours of 
exposure to hyperopic defocus the choroid was 0.023 ± 0.007 mm thinner compared to the 
myopic defocus condition (p<0.005). There were no significant differences between the 
subfoveal choroidal thickness measures on days 1 and 3 (both with no defocus) for the two 
defocus experiments (p>0.05, for all pairwise comparisons).      
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DISCUSSION 
This study demonstrates that exposing young adult human subjects to 12 hours of monocular 
hyperopic defocus leads to significant changes in the natural diurnal rhythms of axial length 
and choroidal thickness. Monocular hyperopic defocus resulted in a significant increase in 
the daily amplitude of change in axial length and choroidal thickness, but no change in the 
peak timing of the diurnal rhythms was evident. Previously, we found that the diurnal rhythms 
in axial length and choroidal thickness of human eyes are influenced by myopic defocus.19 
As an extension of this work, this study demonstrates for the first time that the natural diurnal 
rhythms in axial length and choroidal thickness of human eyes are also disrupted by the 
introduction of hyperopic defocus, but with distinctive differences to the changes caused by 
myopic defocus. 
 
 
A large number of previous animal studies have shown that imposing hyperopic defocus, 
results in a thinning of the choroid and a longer term increase in ocular growth rate, leading 
to myopia development.3,5-7,38,39 Our study adds to the evidence that imposing hyperopic 
defocus can also lead to ocular changes in human eyes, at least in the short term. In a recent 
study, Read et al11 reported a small, but significant increase in axial length in response to 
short term (60 minutes) exposure to 3 D of hyperopic defocus in young adult humans. Our 
research shows that a smaller magnitude of monocular hyperopic defocus (– 2.00 DS) 
introduced for a longer period (~ 12 hours) of time also elicits small, but significant changes 
in both human axial length and choroidal thickness. 
 
 
In our previous work,19 we found that imposing monocular myopic defocus (+1.50 DS) in 
young adults leads to a significant reduction in the mean amplitude of daily change, and 
phase shifts (phase delay and phase advance in the diurnal rhythms of axial length and 
choroidal thickness respectively) in the peak timing of the daily rhythms in axial length and 
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choroidal thickness. In the current study, with – 2.00 DS of hyperopic defocus, a significant 
increase in the diurnal amplitude of change in axial length and choroidal thickness, with no 
change in the peak timing of the diurnal axial length and choroidal thickness rhythms were 
observed. The different responses (in terms of both magnitude and timing) observed with 
these 2 different optical stimuli (Figure 6) suggest that the diurnal variations in axial length 
and choroidal thickness of human subjects are sensitive to both the presence and sign of 
imposed defocus. Previous studies on chickens have also reported differences in the change 
in pattern of ocular diurnal rhythms in response to hyperopic defocus compared to myopic 
defocus.12-14  
 
 
We observed a significant increase in axial length following 3 hours of exposure to hyperopic 
defocus.  However, after this time, the eye did not continue to elongate for the rest of the day 
with hyperopic defocus in place. Instead, after the second measurement session, a reduction 
in the length of the eye was observed until the final measurement session (mean time, 21:00) 
of the day, leading to a significant increase in the amplitude (peak-trough) of diurnal change 
in response to hyperopic defocus. This suggests that the introduction of hyperopic defocus 
does not completely abolish the natural diurnal rhythms in axial length. After 3 hours of 
defocus, the signal associated with the eye’s natural diurnal rhythm appears to override the 
signal associated with the hyperopic defocus, leading to significant changes in the magnitude 
of diurnal change in axial length.  
 
 
In our current study with hyperopic defocus and in our previous work with myopic defocus,19 
the greatest response to defocus appears to have occurred 3 hours after the introduction of 
defocus (mean time ~ 12:00) and was followed by an apparent reduction in the response of 
the eye to defocus, and resumption of the typical diurnal pattern of change. This could be 
due to a reduction in the ocular response to defocus after 3 hours, or alternatively the eye 
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may have reached its maximum response to defocus after 3 hours. Future experiments 
examining the effects of intermittent defocus, or altering the time of day at which the defocus 
is introduced, or changing the magnitude of defocus imposed over the course of the day may 
help us to better understand the relationship between the defocus response and ocular 
diurnal rhythms in human eyes.     
 
 
As expected, significant diurnal variations were also observed in the subfoveal choroidal 
thickness of our young human subjects. The pattern and magnitude of diurnal choroidal 
thickness variations on the two ‘no defocus’ days were similar to previous observations on 
the diurnal variations in choroidal thickness of young human eyes using optical low 
coherence reflectometry18 and OCT.19,40 On days 1 and 3 (with no defocus), the choroid was 
typically found to be thicker at night and thinner during the day, which is consistent with 
previous observations in other animal species.12,13,15,41 
   
 
Choroidal thickness was also influenced by hyperopic defocus. Monocular hyperopic defocus 
resulted in a significant increase in the amplitude of diurnal change, but no change in the 
peak timing of diurnal rhythms in choroidal thickness, which is consistent with previous work 
with animal models that have also reported increases in the diurnal amplitude of choroidal 
rhythms (and limited changes in peak timing) in eyes exposed to hyperopic defocus.12-14  
After 3 hours of exposure to monocular hyperopic defocus on day 2, the subfoveal choroid 
was ~ 8 µm thinner compared to the thickness of the choroid on the other two days of testing 
with normal vision. In our previous study with myopic defocus, a significant thickening of the 
choroid by ~ 10 μm was observed following 3 hours of exposure to myopic defocus (Figure 
6). Bidirectional changes in the thickness of the choroid in response to myopic and hyperopic 
defocus have been widely reported in avians,38,39,42 primates,7,43 and in other mammals.44   
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Significant diurnal variations were also observed in the thickness of the parafoveal choroid 
that were also altered by the introduction of monocular hyperopic defocus. The magnitude 
and pattern of change in the parafoveal regions were similar to the changes in the subfoveal 
choroid. These findings suggest that more peripheral locations of the choroid (up to 1.5 mm 
from foveal center), outside the fovea are also sensitive to hyperopic defocus.  
 
 
The changes in diurnal rhythms associated with hyperopic defocus appeared to return to 
normal the following day, upon removal of the blur stimulus. Although we observed some 
small differences (~ 7 μm) in the changes in axial length during the day between day 3 
(recovery day) and day 1 (baseline day with normal ocular rhythms), the overall mean 
amplitude and timing of axial length variations were comparable between the two days. 
These results illustrate the transient nature of defocus induced ocular changes in young adult 
human subjects. Further research is needed to determine the time course of recovery from 
other defocus stimuli (such as diffuse defocus), or larger magnitudes and/or longer periods of 
optical defocus in human subjects of different age groups.   
 
 
In this monocular defocus study protocol, the level of hyperopic defocus experienced by the 
right eye could potentially be influenced by the accommodation level and fixation preference 
of the subject for different visual tasks. However, on the defocus day, we observed only small 
changes in the accommodative behaviour of subjects (for distance, intermediate and near 
tasks), which were not statistically different to the accommodative responses observed for 
the “no defocus” conditions on days 1 and 3. Additionally, on day 2, diurnal variations of lens 
thickness and anterior chamber depth were not significantly altered with the presence of 
defocus. These findings suggest that changes in axial length on the defocus day were not 
substantially influenced by the changes in accommodation level, and the right eye was 
subjected to the intended amount of hyperopic defocus throughout the day.   
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Previous studies indicate that imposing longer periods of hyperopic defocus in animal eyes is 
associated with disruptions in the natural diurnal rhythms of the eye12-14 and an increase in 
ocular growth rate38,39 resulting in the development of myopic refractive errors. Therefore, our 
findings of changes in the natural ocular diurnal rhythms of human eyes in response to 
hyperopic defocus may carry significant implications for the potential role of hyperopic 
defocus in the development of human myopia.   Given the evidence of differences in the 
effects of defocus on ocular diurnal variations between older adult eyes and younger juvenile 
myopic eyes in previous studies with chickens,13 it is plausible that the ocular response to 
defocus in younger myopic human eyes might be different to that of adult emmetropic human 
eyes examined in this study. Future studies investigating the effects of hyperopic defocus on 
ocular diurnal variations of younger progressing myopic human eyes will provide further 
insights into the potential role of hyperopic defocus and ocular diurnal variations in the 
refractive error development of human eyes. 
 
 
In conclusion, we have shown that the diurnal rhythms of axial length and choroidal thickness 
in young adult human eyes are significantly altered in their magnitude by the introduction of 
monocular hyperopic defocus. These changes return to normal upon removal of the blur 
stimulus. The initial response of the eye to hyperopic defocus (a relative increase in axial 
length and a thinning of the choroid) was different to the response previously observed with 
myopic defocus (a relative decrease in axial length and a thickening of the choroid),19 
indicating that the natural diurnal variations in axial length and choroidal thickness of human 
subjects are sensitive to both the presence and sign of imposed defocus. The changes in 
ocular diurnal rhythms with hyperopic defocus may carry significant implications for 
understanding the potential role of optical defocus in the regulation of longer term ocular 
growth and development of myopia in human eyes.  
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TABLES      
Table 1: Summary of group means and amplitude of change in axial length (AL) and subfoveal choroidal thickness (CT, n=14) for each of the 
three measurement days in the right (the eye that was exposed to hyperopic defocus on the second measurement day) and left (the eye that 
was not exposed to defocus) eyes, and p values from repeated measures ANOVA investigating the within-subjects effects of time and day and 
the day by time interaction. Significant p values (p<0.05) are highlighted in bold.   
Eye 
 
Variable 
 
Measurement day  Group mean ± SD 
Mean amplitude 
of change ± SD 
p values from repeated measures ANOVA 
(Day) 
 
(Time) 
 
(Day by time) 
Right Eye 
(Defocussed Eye) 
AL 
(mm) 
Day 1 (baseline 
Day 2 (defocus) 
Day 3 (recovery) 
23.73 ± 0.78 
23.73 ± 0.78 
23.72 ± 0.78 
0.024 ± 0.011 
0.041 ±0.015 
0.025 ± 0.010 
 
0.018 
 
<0.0001  <0.001 
Subfoveal CT 
(mm) 
Day 1 (baseline) 
Day 2 (defocus) 
Day 3 (recovery) 
0.377 ± 0.021 
0.375 ± 0.017 
0.378 ± 0.019 
0.023 ± 0.008 
0.034 ± 0.010 
0.022 ± 0.006 
 
0.046 
 
<0.0001  0.032 
Left Eye 
(Fellow Eye‐No 
Defocus) 
AL 
(mm) 
Day 1 (baseline) 
Day 2 (no defocus) 
Day 3 (recovery) 
23.70 ± 0.77 
23.70 ± 0.77 
23.69 ± 0.77 
0.022 ± 0.009 
0.022 ±0.009 
0.024 ± 0.010 
 
0.001 
 
<0.0001  0.333 
Subfoveal CT 
(mm) 
Day 1 (baseline) 
Day 2 (no defocus) 
Day 3 (recovery) 
0.377 ± 0.014 
0.375 ± 0.013 
0.376± 0.012 
0.023 ± 0.005 
0.023 ± 0.006 
0.022 ± 0.005 
 
0.246 
 
<0.0001  0.232 
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Table 2: Summary of group means and amplitude of change in parafoveal choroidal thickness (CT) for each of the three measurement days for 
both nasal and temporal regions, within a series of 0.5 mm width zones located at 0.5, 1.0 and 1.5 mm from foveal center in the right (the eye 
that was exposed to hyperopic defocus on the second measurement day) and left (the eye that was not exposed to defocus) eyes. Repeated 
measures ANOVA revealed a significant effect of time and eccentricity (p<0.0001) for both the right and left eye, and a significant day by time 
interaction (p=0.006) for the right eye only. 
 
Measured  Variables 
 
Right Eye (Defocussed eye)  Left Eye (Fellow eye – no defocus) 
 
Regions of choroid 
 
Eccentricity  from 
fovea (mm) 
Days  Group mean ± SD 
Mean amplitude of 
change ± SD 
Group mean ± SD 
Mean amplitude of 
change ± SD 
Temporal 
(mm) 
0.5 
 
Day 1 (baseline)
Day 2 (defocus) 
Day 3 (recovery) 
0.377 ± 0.027
0.375 ± 0.022 
0.375 ± 0.023 
0.022 ± 0.008
0.033 ± 0.011 
0.030 ± 0.009 
0.371 ± 0.019
0.369 ± 0.017 
0.371 ± 0.016 
0.024 ± 0.005
0.022 ± 0.005 
0.022 ± 0.005 
1 
 
Day 1 (baseline)
Day 2 (defocus) 
  Day 3 (recovery) 
0.362 ± 0.036
0.360 ± 0.033 
0.361 ± 0.032 
0.021 ± 0.008
0.031 ± 0.012 
0.025 ± 0.006 
0.348 ± 0.029
0.347 ± 0.029 
0.350 ± 0.026 
0.022 ± 0.006
0.021 ± 0.006 
0.020 ± 0.007 
1.5 
Day 1 (baseline) 
Day 2 (defocus) 
 Day 3 (recovery) 
0.333 ± 0.048 
0.329 ± 0.047 
0.331 ± 0.043 
0.023 ± 0.008 
0.030 ± 0.013 
0.026 ± 0.010 
0.313 ± 0.046 
0.312 ± 0.047 
0.315 ± 0.042 
0.028 ± 0.012 
0.024 ± 0.009 
0.022 ± 0.012 
Nasal 
(mm) 
0.5 
Day 1 (baseline)
Day 2 (no defocus) 
Day 3 (recovery) 
0.364 ± 0.017
0.361 ± 0.014 
0.365 ± 0.016 
0.023 ± 0.009
0.034 ± 0.010 
0.020 ± 0.007 
0.366 ± 0.012
0.365 ± 0.011 
0.365 ± 0.010 
0.020 ± 0.006
0.023 ± 0.008 
0.021 ± 0.006 
1 
 
Day 1 (baseline)
Day 2 (no defocus) 
Day 3 (recovery) 
0.337 ± 0.013
0.334 ± 0.012 
0.340 ± 0.013 
0.024 ± 0.013
0.031 ± 0.011 
0.020 ± 0.006 
0.338 ± 0.013
0.336 ± 0.013 
0.338 ± 0.011 
0.017 ± 0.006
0.021 ± 0.009 
0.020 ± 0.007 
1.5 
 
Day 1 (baseline)
Day 2 (no defocus) 
Day 3 (recovery) 
0.298 ± 0.010
0.295 ± 0.009 
0.303 ± 0.010 
0.028 ± 0.014
0.029 ± 0.016 
0.025 ± 0.009 
0.292 ± 0.026
0.290 ± 0.028 
0.294 ± 0.023 
0.017 ± 0.006
0.020 ± 0.008 
0.019 ± 0.007 
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FIGURES: 
 
Figure 1: Example of OCT images and the analysis performed on each set of images at 
each measurement session for a representative subject. At each session 3 x OCT measures 
were collected, each consisting of 50 raw B-Scans. The raw B scans were registered and 
aligned to create an averaged B-scan image, and the averaged B-Scan image was 
segmented by an independent masked observer to determine choroidal thickness at the 
center of the fovea (subfoveal) and averaged across a series of 0.5 mm width zones, out to 
1.5 mm from foveal center.  
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Figure 2: Mean change in axial length (AL) for each of the three measurement days in the 
right (exposed to hyperopic defocus on day 2, top) and left (the eye that was not exposed to 
defocus, bottom) eyes. In order to highlight the diurnal variations, all values are normalized to 
the mean of 15 sessions across all measurement days. Repeated measures ANOVA 
revealed significant diurnal variations (p<0.0001), and significant time-day interaction 
(p<0.001) in axial length. Vertical error bars are standard error of the mean (SEM). Horizontal 
error bars are standard error in the mean time that the measurement was taken at each 
session (in hours).     
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Figure 3: Mean change in subfoveal choroidal thickness (CT, n=14) for each of the three 
measurement days in the right (exposed to hyperopic defocus on day 2, top) and left (the eye 
that was not exposed to defocus, bottom) eyes. In order to highlight the diurnal variations, all 
values are normalized to the mean of 15 sessions across all measurement days. Repeated 
measures ANOVA revealed significant diurnal variations (p<0.0001), and significant time-day 
interaction (p=0.032) in subfoveal choroidal thickness. Vertical error bars are standard error 
of the mean (SEM). Horizontal error bars are standard error in the mean time that the 
measurement was taken at each session (in hours).   
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Figure 4: Mean change in parafoveal choroidal thickness (CT, n=14) (for 0.5 mm width 
zones located 0.5, 1 and 1.5 mm from foveal center, averaged across the nasal and temporal 
regions) for each of the three measurement days in the right (exposed to hyperopic defocus 
on day 2, top) and left (the eye that was not exposed to defocus, bottom) eyes. In order to 
highlight the diurnal variations, all values are normalized to the mean of 15 sessions across 
all measurement days. Repeated measures ANOVA revealed a significant effect of time and 
eccentricity (p<0.0001) for both the right and left eye, and a significant day by time interaction 
(p=0.006) for the right eye only in parafoveal choroidal thickness. Vertical error bars are 
standard error of the mean (SEM). Horizontal error bars are standard error in the mean time 
that the measurement was taken at each session (in hours).   
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Figure 5: Mean objective refraction (n=11) for each of the three measurement days for 
measurement sessions 1, 2 and 5 in the right (exposed to hyperopic defocus on day 2, top) 
and all the five measurement sessions in the left (the eye that was not exposed to defocus, 
bottom) eyes, during binocular fixation of distance (   ,6 m), intermediate (  , accommodative 
response to an intermediate target at 60 cm), and near targets (  , accommodative response 
to a near target at 30 cm). Two dioptres was subtracted from the objective refraction 
measures at all fixation distances for measurement sessions 2 and 5 in the right eye, on the 
defocus day (day 2), in order to eliminate the offset of 2.00 D due to the spectacle lens power 
while performing measurements through the glasses. Repeated measures ANOVA revealed 
no significant changes in objective refaction throughout the day on any of the three 
measurement days for distance, near and intermediate targets in both right and left eyes 
(p>0.05). Vertical error bars are standard error of the mean (SEM). Horizontal error bars are 
standard error in the mean time that the measurement was taken at each session (in hours).  
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Figure 6: Comparison of changes in axial length(AL,top) and subfoveal choroidal thickness 
(CT, bottom) in the right eye between the current study examining hyperopic defocus (on 
day2), and our previous work examining the influence of myopic defocus upon ocular diurnal 
rhythms19 for the sub-population of subjects participating in both studies (n = 7). In order to 
highlight the diurnal variations on each day, all values are expressed as the difference from 
the baseline (first measurement session) on each day. Vertical error bars are standard error 
of the mean (SEM). Horizontal error bars are standard error in the mean time that the 
measurement was taken at each session (in hours).     
